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The curvaton reheating in a non-oscillatory inflationary universe model is studied in a Jordan- 
Brans-Dicke theory. For different scenarios, the temperature of reheating is computed. The result 
tells us that the reheating temperature becomes practically independent of the Jordan-Brans-Dicke 
parameter w. This reheating temperature results to be quite different when compared with that 
obtained from Einstein's theory of gravity. 
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■ I. INTRODUCTION 
(N 

C ' It is well known that many long-standing problems of the Big Bang modelfhorizon, flatness, monopoles, etc.) may 

1 ^ i find a natural solution in the framework of the inflationary universe model P, . 
One of the successes of the inflationary universe model is that it provides a causal interpretation of the origin of the 

observed anisotropy of the cosmic microwave background (CMB) radiation, and also the distribution of large scale 
structures 0|. In standard inflationary universe models, the acceleration of the expansion of the universe is driven 
I ' by a scalar field ■0 (inflaton) with a specific scalar potential, and the quantum fluctuations associated with this field 
^ generate the density perturbations seeding the structure formation at late time in the evolution of the universe. To 
date, the accumulating observational data, especially those coming from the CMB observations of the WMAP satellite 
indicate that the power spectrum of the primordial density perturbations becomes nearly scale- invariant, just as 
■ predicted by the single-field inflationary model . 
jST , At the end of inflation the universe is typically in a highly non-thermal state. An exception is the warm inflation 
' scenario, where there is particle production during inflation 0|. The key ability of inflation is to homogenize the 
, universe, which means that it leaves the universe at very low temperature and hence any successful theory of inflation 
must also explain how the universe was reheated - or perhaps defrosted - to the Big Bang picture 5]. This approach 
must include baryogenesis and nucleosynthesis, the latter implying that the temperature must have been higher than 
1 MeV and the former requiring energies significantly higher. 
O One path to defrost the universe after inflation is known as reheating Elementary theory of reheating was 

^ , developed in ^ for the new inflationary scenario. During reheating, most of the matter and radiation of the universe 
^ are created, usually via the decay of the scalar field that drives inflation, while the temperature grows in many orders 
. . of magnitude. Of particular interest is a quantity known as the reheating temperature. The reheating temperature is 
^ ' associated with the temperature of the universe when the Big Bang scenario begins, that is, when the radiation epoch 
begins. In general, this epoch is generated by the decay of the inflaton field, which leads to a creation of particles of 
different kinds. 

d The stage of oscillations of the scalar field is an essential part of the standard mechanism of reheating. However, 

there are some models where the inflaton potential does not have a minimum and the scalar field does not oscillate. 
Here, the standard mechanism of reheatin g do es not work Q. These models are known in the literature as non- 
oscillating models, or simply NO models P.llO||. The NO models correspond to runaway fields such as moduli fields 
in string theory which are potentially useful for inflation model-building because they present flat directions which 
survive the famous ?7-problem of inflation On the other hand, an important use of NO models is quintessential 
inflation, in which the tail of the potential can be responsible for the accelerated expansion of the present universe 

However, these models present another type of 77-problem, which has to do with the fact that between the inflationary 
plateau and the quintessential tail there is a difference of over a hundred orders of magnitude. According to the above, 
it is useful to consider an exponential Dotential|l2j. During inflation, the power law expansion may be realized if the 
inflaton fleld with an exponential potential dominates the energy density of the universe. Originally, this model was 
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described in terms of Einstein's theory of gravity in Ref-Ts^. However, during the past decade, a great number of 
studies based on a less standard theory have been carried out, namely, the Jordan-Brans- Dicke (JBD) theory 

JBD theory is characterized by the presence of a dynamic massless scalar field (the JBD field) which couples directly 
with the metric in the gravitational sector, providing a variable gravitational constant. The theory explicitly presents 
a nonminimal coupling between the scalar JBD field and the scalar curvature. In Ref.jl5|] is given a detailed discussion 
about inflation in the context of a JBD theory, for an exponential potential. 

The first mechanism of reheating for NO models in general relativity theory was the gravitational particle production 
|16| |. but this mechanism is quite inefficient, since it may lead to certain cosmological problems JJjl&l- An alternative 
mechanism of reheating in NO models is the instant preheating, which introduces an interaction between the scalar field 
responsible for inflation with another scalar field . Another possibility for reheating in NO models is the introduction 
of the curvaton field, a which has recently received a lot of attention in the literature [20l |2]|. The curvaton 
approach is an interesting new proposal for explaining the observed large-scale adiabatic density perturbations in 
the context of inflation. Here, the hypothesis is such that the adiabatic density perturbation is originated from the 
"curvaton field" and not from the inflaton field. In this scenario, the adiabatic density perturbation is generated only 
after infiation, from an initial condition which corresponds to a purely isocurvature perturbation '2^. 

On the other hand, the decay of the curvaton field into conventional matter offers an efficient mechanism of reheating. 
The curvaton field has the property that its energy density is not diluted during inflation, so that the curvaton may 
be responsible for some or all of the matter content of the universe at present. 

In this paper we shall explore an application of curvaton reheating in a JBD theory for a NO model. Specifically 
we explore the model to an exponential scalar potential. 

We follow a similar procedure described in Refs.0, [2^ |3- As the energy density decreases, the inflaton field 
makes a transition into a kinetic energy dominated regime bringing infiation to an end. We consider the evolution of 
the curvaton field through three different stages. Firstly, there is a period in which the infiaton energy density is the 
dominant component, i.e, ^ p^^ even thou gh the curvaton field survives the rapid expansion of the universe. The 
following stage i.e., during the kinetic epoch j25|. is that in which the curvaton mass becomes important. In order 
to prevent a period of curvaton-driven infiation, the universe must remain infiaton-driven until this time. When the 
effective mass of the curvaton becomes important, the curvaton field starts to oscillate around the minimum of its 
potential. The energy density, associated with the curvaton field, starts to evolve as non-relativistic matter. 

At the final stage, the curvaton field decays into radiation and then the standard Big Bang cosmology is recovered 
afterwards. In general, the decay of the curvaton field should occur before nucleosynthesis happens. Other constraints 
may arise depending on the epoch of the decay, which is governed by the decay parameter, r^. There are two scenarios 
to be considered, depending on whether the curvaton field decays before or after it becomes the dominant component 
of the universe. 

In section |H] the infiationary dynamics in a JBD theory is described. In section UTTl the dynamics of the extended 
model in the kinetic epoch is developed. Section IIVI studies the dynamics of the curvaton field through different 
stages. In section |3 some constraints from gravitational waves in the kinetic epoch are described. Finally we present 
the conclusions section IVTl 



II. EXTENDED INFLATIONARY MODEL 

The dynamics of the Friedman- Robertson- Walker cosmology in the JBD theory, is described by the equations 

$ + 3i7ci> = ^-^(,,-3P,), (1) 

+H-^--p^ + -{-] , (2) 



and 



$ 3 $ 6 \ $ 



^ + 3i7^ = -^, (3) 



where $ denotes the JBD scalar field (with unit rrip, where irip is the Planck mass), H = a/a is the Hubble factor, a 
is a scale factor, ?/' the standard infiaton field, V{tp) is the effective potential associated with this field, and we assume 
to be 



F(V) = Voe-'-^, 
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where a and are free parameters. In the following we shall take a > (with unit 1/mp). In Einstein's theory of 
gravity, power law inflation may take place if a < A/2/m_^[l^. Here, represents the pressure associated with the 
infaton field, and w = Constant corresponds to the JBD parameter. As is mentioned in Ref. 26|, experimental tests 
of weak-field in the solar-system have constrained the post-Newtonian deviation from Einstein gravity, where it was 
found that the JBD parameter should satisfy the inequality w > 500. According to recent reports, this bound would 
increase to several thousands . Moreover, the Einstein's theory of gravity is recovered in the limits w — > oo and 
$ = Cte. = nip. Dots mean derivatives with respect to time and we use units in which c = h = 1. 

During inflation the $ term in Eq.(^ can be ignored in the sense that $ <C Also, $/$ ^ _ff (because w 3> 1) 
and ~ since < Under this approximation the field equations Q and lO become, 

3 $ ^ ^ 

Now, from Eq.© we get, under the slow roll approximation for the inflaton field ip {ip is negligible) 



and combining the Eqs. Q and © we have. 



which gives 



dV 

zm, = --. (6) 



* (7) 



$ 2w + 3 ' 



(8) 



where /3 = 4/ {2w + 3). We see that the JBD field <J> increases during the inflationary epoch. Now, from Eqs. ©, © 
and (|SJ), we get 



where we have chosen the initial condition $i = Snipifi/a. 

During the inflationary epoch we could write Hf = = H'j-^e~°'''^^~^^\ where the subscripts i and / are 

used to denote the beginning and the end of inflation, respectively. Inflation ends when the slow roll condition, is not 
satisfied anymore, i.e. 



H 



(3 + 2w) 167r V 



~1, 

/ 



from which we get that = ^(I - /3/2) = ^i/-/ > 0, i.e. f3 is less than 2. There, we have denoted V,^ = dV/di^. 
The initial value of the square Hubble factor as a function of the total number of e-foldings, A^o = ln(a//ai), becomes 

'"3(2-/?) ■ ^ ' 

III. KINETIC EPOCH 

When inflation has finished, the term dV/dip is negligible compared to the friction term. This epoch is called the 
'kinetic epoch' or 'kination' |23, and we will use the subscript 'k' to label the values of the different quantities at the 
beginning of this epoch. The kinetic epoch does not occur immediately after inflation; there may exist a middle epoch 
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where the potential force is negUgible with respect to the friction term [2^. In the kinetic epoch we have ^/'^/2 > V{tp) 
corresponding to the relation = which represents a stiff fluid. 

The dynamics of the Friedman-Robertson- Walker cosmology in the JBD theory, in the kinetic epoch, is described 
by the equations 



i> + 3H<i> = 



{2w + 3) 



(11) 



(12) 



and 



(13) 



The energy density of the inflaton field is defined by = -0^/2 -I- V{ip) ~ ^^/2 and, since it has a behavior like 
stiff matter, we get that oc (f/a)^. 
From Eas. (|lf |l and we have 



Svr 



(2iu + 3) flS 

If we introduce a new variable, dt = a^drj, Ea. (|f 4|1 is solved and gives p£ 



477 



where we have chosen the initial conditions ^ 



{2w + 3) 



(14) 



(15) 



= 0. We note that, during the kinetic epoch , 



$' < as it could be seen from Ea. (|15|) . In this period the JBD field, $(77), is greater than the value 'i'o = ^ = 'Tip- 
In this way the JBD field lies in the range $fc > ^{rf) > $0, where $0 is the actual value of the JBD field and G is 
the Newton constant. 

Using the solutions given by Eqs. H13|l and p5|l . we may write 



and 



H(a.<i>) 



H = Hi, 



v/(*fc - *&) 



1 



2w 
~3~ 



(16) 



(17) 



Note that, in the limit w — > 00 and $ = Cte 
follows the law H^^^'l cx (1/a)^. 



^l-|-2w/3 y * 

$fe = TO^, we obtained the Hubble factor in the GR theory which 



IV. CURVATON FIELD 



We now study the dynamics of the curvaton field, cr, through different stages. This study allows us to find some 
constraints on the parameters and thus, to have a viable curvaton scenario. We considered that the curvaton field 
obeys the Klein-Gordon equation and, for simplicity, we assume that its scalar potential associated with this field is 
given by 



U{a) 



9 2 



(18) 



where m is the curvaton mass. 
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First of all, it is assumed that the energy density , associated with the inflaton field, is the dominant component 
when it is compared with the curvaton energy density, po-. In the next stage, the curvaton field oscillates around 
the minimum of the effective potential U {a) . Its energy density evolves as a non-relativistic matter and, during the 
kinetic epoch, the universe remains inflaton-dominated. The latter stage corresponds to the decay of the curvaton 
field into radiation and then the standard Big-Bang cosmology is recovered. 

In the infiationary regime it is supposed that the curvaton field is effectively massless and its dynamics is described 
in detail in Refs.fisl l3Ct l3lj. During inflation, the curvaton would roll down its potential until its kinetic energy is 
depleted by the exponential expansion and only then, i.e. only after its kinetic energy has almost vanished, it becomes 
frozen and assumes roughly a constant value, i.e. (t* ~ o"/- The subscript here refers to the epoch when the 
cosmological scales exit the horizon. 

The hypothesis is that during the kinetic epoch the Hubble parameter decreases so that its value is comparable 
with the curvaton mass, i.e. to ~ (the curvaton field becomes effectively massive). From Eg. (1171) . we obtain 




2w 
~3 



(19) 



where the 'm' label represents the quantities at the time when the curvaton mass is of the order of H during the 
kinetic epoch. 

In order to prevent a period of curvaton-driven inflation, the universe must still be dominated by the inflaton 
matter, i.e. Pii>\a^ = P^™'' ^ Pai^ U{af) ~ U{a^,)) . This inequality allows us to find a constraint on the values of 
the curvaton field cr» in the epoch when the cosmological scales exit the horizon. Then, from Ea. (|12|l at the moment 
when 7? ~ TO, we obtain the inequality 



9 2 



< 1 



3£™ 

47r 



1 + 



1 / $ 

TO I $ 



6 TO^ 



(20) 



in which 



ak 



v/1 + 2w/3 ^r. 



(21) 



where the last expression is obtained by using Ea. (|15(l . 

The value given by Ea. l|20|l . coincides with that found in general relativity theory, which is obtained by taking the 



limit <I> = Cte. = ^k = ~ and w 



0. 



The ratio between the potential energies at the end of infiation is given by 



Uf 47r vn?al 



Vf 3 -ff Hj Hj 



w / <& 

6 \ Cf> 



(22) 



and, in this way, the curvaton energy becomes subdominant at the end of inflation or, equivalently 

2 " 



/ 



m \ $ 



6 TO'' 



< H 



f 



(23) 



In these expressions, we have used Vf = (3/87r)i7| <&/ and Ea. H20() . Here, $/ is the value of the JBD field at the end 
of inflation. Note that Uf <C Vf as it could be seen from Ea. H22|l . 

At the time when the mass of the curvaton field becomes important, i.e. m ~ i7, its energy decays like a non- 
relativistic matter in the form 



TO^cr^ at 



(24) 
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A. Curvaton Decay After Domination 

As we have claimed, the curvaton decay could occur in two different possible scenarios. In the first scenario, when 
the curvaton comes to dominate the cosmic expansion (i.e. > p^), there must be a moment when the inflaton and 
curvaton energy densities become equal. From Eas. ljltill . (|17|l and (|24|l at the time when — p^, which happens 
when a = Ueq, we get 



P4: 



2 alp% ~ 3 Bl^^al 



= 1, (25) 



where we have used i?^ = ^^P^, since we have that = ^J, = 0. 

Now from Eas. H17|l . (|I9|I and (|25|) . we may write a relation for the Hubble parameter, H{aeq) = -ffeg, in terms of 
curvaton parameters, the scale factor and the JBD scalar field 



Heq — Hk 




H, 



3 (1 + 2U./3) $„$e9 ' " ' " ^ ' ^ ' ' '"^^ ' " ^ ' ^ ' ■ ^^^^ 

This result should be compared to the corresponding result associated with the general relativity theory, where 



eq — i..vv^,,„^ „,,„p. 

On the one hand, the decay parameter is constrained by nucleosynthesis. For this, it is required that the curvaton 
field decays before nucleosynthesis, which means Hnuci ^ 10^^° mp < T^- On the other hand, we also require that 
the curvaton decay occurs after p„ > p^p, and Fg- < i?eg, so that we get a constraint on the decay parameter, which 
is given by 



10"*°mp < F^ < 



47rTOcr2 



3(1 + 2w/3) 




which, in the particular case when $fc 



$m, we obtain that H^q 



47rcrjTO/3$e 



(27) 
Further- 



more, if we demand that w 3> 1 we find that iJeg — 47r(7jm/3$, 



^eq — He^^'^nip/^e^q and therefore the decay parameter 
becomes constrained in the range 10~'"^mp < Fo- < Aira^m/i^eq- 

It is interesting to give an estimate of the constraint of the parameters of our model, by using the scalar perturbation 
related to the curvaton field. During the time where the fluctuations are inside the horizon, they obey the same 
differential equation as the inflaton fluctuations do, from which we conclude that they acquire the amplitude 5a^ ~ 
Ht,/2'K. On the other hand, outside of the horizon, the fluctuations obey the same differential equation as the 
unperturbed curvaton field and then, we expect that they remain constant during inflation. The spectrum of the 
Bardeen parameter P^, whose observed value is about 2 x 10~^, allows us to determine the value of the curvaton field 
a* in terms of the parameters a, w and the JBD scalar field. At the time when the decays of the curvaton fields 
occur, the Bardeen parameter becomes |l9j 



Pc 



9^2 ^2 



(28) 



The spectrum of fluctuations is automatically gaussian for a J H'^/iir'^, and is independent of Fcr 0|. This feature 
will simplify the analysis in the space parameter of our model. Moreover, the spectrum of fluctuations is the same as 
in the standard scenario. 

^From expression (I28II and by using that = iJ^$^T4/(<I>»V/), we relate the perturbations to the parameters of 
the model such that we get 



Vo = 277r2(2-/3) 



-N.I3) 



(29) 
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where iV* = ln{af/a^,) is the number of the e-folds corresponding to the cosmological scales, i.e. the number of 
remaining inflationary e-folds at the time when the cosmological scale exits the horizon. The last expression allows 
us to fix the initial value of the effective potential in terms of the free parameters a and w. The constraint Eq. H23|l 
in terms of Vo becomes 



6 



-Voe 



(30) 



B. Curvaton Decay Before Domination 



For the second scenario, the decay of the field happens before this dominates the cosmological expansion. We need 
that the curvaton field decays before its energy density becomes greater than the infiaton one. Additionally, the mass 
of the curvaton is non-negligible, so that we could use Eq. (|^ . The curvaton decays at a time when T„ = H and 
then from Eq. (|17|l we get 



Hk 



\/l + 2w/3 *d 




(31) 



where ' d' labels the different quantities at the time when the curvaton decays, allowing the curvaton field to decay 
after its mass becomes important, so that < m; and before the curvaton field dominates the expansion of the 
universe, i.e.. Fa- > Heq (see Eq. ()26f) '). Thus, we derive the new constraints on the decay parameter, given by 



47r 



3 (H-2u;/3)$ 




< Fcr < TO. 



(32) 



Now, for the second scenario, the curvaton decays at the time when < p^. 
the ratio between the curvaton and the inflaton energy densities, evaluated at a - 
parameter is given by 0, Is^l 



If we define the parameter as 
: ad and for ^ 1, the Bardeen 



Pr 



(33) 



With the help of Eqs. and (PU we obtain 



Td ^ — 



47rcrf m 



47r rnVga^^ag 
3 Hl^kal 



1 



1 



3 T„{1 + 2w/3) 3>™3>d 
Also, from Eq. (j^H) we get that 



Vi^k - $™) 





2w' 




h 




)( 









2w' 








) 







(34) 



rd < 



then, from <C 1, the last expression is written 
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2w' 
3 . 


) 






[1- 


Hf] ) 



^ ^ 5d 

(V(ci>, -$,,) + [1 + f^] ) (7(1^3$^+ yj^lTT^ 
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allowing us to use expression (|33|l for the Bardeen parameter. 
Expressions H33|l and (|34|) could be written 



^(l + 2u;/3)' 



and thus, expression H32|l becomes 



$2 



(35) 



$fe 1 



2ji) 
3 



y (*fc - *d) - 

The upper limit for the To- parameter, results to be 



$,[1+2^] A [^{^,-<frn) + ^^k [1 + ^] 



< - < 1. 

TO 



(36) 



(V$fe - $d + V*fc(l + 2u;/3))2(V$fc - + V*fc(l + 2w/3)) 



(1 + 2w;/3)(^$fc - + v/*fe(l + 2W3)) 



(37) 



In the limit — > cxi and = $d = 'I'm = 'i'o = l/G = to^ the last expression gives < (127rP|^) ^mH^G, 
which corresponds to the result obtained in the Einstein theory of general relativity [13 • Also, we see that To- < 

This tells us that, for w ^ 1, the upper limit for the Fg- parameter depends on the values of the 



"I'i'fc 



JBD scalar field evaluated at the different epochs. 



CONSTRAINTS FROM GRAVITATIONAL WAVES 



The study of gravitational waves that can be applied to our model was described in Ref . ■ It is interesting to give 
an estimate of the constraint on the curvaton mass, using this type of tensorial perturbation. Under the approximation 
give in Ref. |34j , the corresponding gravitational wave amplitude in the model by using JBD theory may be written as 



T-GW 



According to Ref. [23 we could have that H <C lO^^TOp and Ci is an arbitrary constant with unit of 1/TOp. This 
interesting thing comes from the fact that inflation could take place at an energy scale smaller than grand unification. 
We note this as an advantage of the curvaton approach against of the single inflaton field scenario. 



Now, using Hi = i72|ig-a(0.-V/)^ obtain 



In this way, from Eas. H23|) and H38|l we derive the inequality 

/ • \ 2 ' 
w / $ \ 




6 to2 \ <I> 



GW Q(l/Q+/3a$,/8ir) 



(38) 



(39) 



and, in the particular case when $fe ~ $,„ — from Eq. (|?T1l we see that (<i>/<i>)m ~ and, observing that Eq. 



gives the following inequality: to^ ^ 
We note that we have V — '^^ '^ 



f^cw „a{l/a+f3am'i/87T) 



= fHj/SiT and, if according to Ref. |35|, if the inflaton fleld is effectively massless, 
then its contribution to the curvature perturbation will not be negligible and, in fact, could be in excess related to 
the observational limit from COBE. This can be avoided if the inflaton is massive, i.e. V^^ > Hj or equivalently 
> 87r/3$y, in which case its perturbations are exponentially suppressed as it could be seen from this inequality. 
In order to give an estimate of the gravitational wave, we move to the kinetic epoch in which the energy density of 
gravitational waves evolves as in Refs.[r^l36|: 



_ 32 2 (a 
pg — i^nGwPii — 



(40) 
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On the other hand, when the curvaton field decays, i.e. (r^ ~ H), it produces radiation which decays as 
Then, when the curvaton decays, we may write for the energy density 



^(.) ^ (41) 



In order to keep the gravitational waves under control, we assume that the radiation energy density is much larger 
than that produced by inflation Thus, at a time when a = Ueq, we write 



Pr 



47r m^al alq ag 
3$fc Hi al al 



(42) 



Therefore, the constraint from the gravitational waves now reads 

2 



Pg 



3^ ^^^ V afc 



TT^ mat 



(43) 



where we have used Eqs.l^Hl, (EIJ and g^J- 

We note that from Eq. H43fl we obtain a bound for the mass of the curvaton, m, given by 

„»10^,g,,4f^y^' ^ , C + ^'-ffl'^' ,44, 

°» V*/ |^(*|. - 4™) + ^^(l + 2»,/3)] - *j) + ^4>t(l + 2to/3)]i/» 

We should note that, in this case, we have obtained a bound from below for the corresponding curvaton mass, m. 



VI. CONCLUSIONS 



We have introduced the curvaton mechanism into a NO inflationary model as another possible solution to the 
reheating problem in a JBD theory. 

In the context of the curvaton scenario, reheating does occur at the time when the curvaton decays, but only in the 
period when the curvaton dominates. In contrast, if the curvaton decays before its density dominates the universe, 
reheating occurs when the radiation due to the curvaton decay manages to dominate the universe. 

During the epoch in which the curvaton decay after that its dominates {p^ > p^), the reheating temperature as 
higher than 4.82 x 10~^mp, since the decay parameter Fq- oc T^f^/rrip, where Trh represents the reheating temperature. 
Here, we have used Eqs. ((23 and lEHl, with m 10"*mp, H = 10~^mp, ^m/^eq ^ 1-25, $fe/<I>,„ 1.33, 
^eq = l-lnip and w = 3000. For w = 500 we obtain that the temperature becomes 4.87 x lO^^m^. 

The result tells us that the reheating temperature becomes practically independent with respect to the Jordan- 
Brans-Dicke parameter w. Also the value that we have obtained Trh < 10~^mp, agrees with the value obtained from 
gravitino over-production, which gives Trh < lO^^^mp |37j . 

In a JBD theory we have found that it is possible to use the curvaton field for an effective exponential potential, 
i.e. for NO models. The dependence on the values of w and the different initial conditions for ^k, etc., permit us 
to reach different values of the decay parameter F^, needed for solving the problem of reheating in the NO models. 

We can draw the allowed region for the parameter space, in a plot of m versus cr* , for different conditions expressed 
by the constraint on the model constraints (see Figure 1). Therefore we plot only the constraint Eqs. (|20|l . H23|l and 
(|44|l . The other constraints will be automatically satisfied. In this way, the curvaton mass becomes fine-tuned in the 
sense that it depends on the values of the parameters used for describing the corresponding cosmological models, as 
we could see from expression (1^ . 

The allowed region of the parameter space is reduced for smaller values of the curvaton mass and larger values of 
curvaton field. This is in agreement with the fact that inflation could take place at smaller - energy scales (smaller 
than the grand unification scale). 
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FIG. 1: Region of parameter space of model for m versus a*. The regions excluded by each constraint are indicated by the 
arrows, and the allowed region is shaded. We have taken the values : w = 3000, ("i?/"I>)m = 10~^"mp, ^m/^eq ~ 1.25, 
$eq = l.lm^, Vo = 10""m^ and = IQ-^^mp. 
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